Introduction
============

Diabetic nephropathy (DN) is a major complication of diabetes which causes thickening of the glomerular basement membrane, glomerular hypertrophy and mesangial expansion, resulting in overt renal disease. The filtration barrier of the kidney is formed by the glomerulus, which is composed of a fenestrated endothelium, glomerular basement membrane, and podocytes that form slit diaphragms ([@b1-ijmm-38-04-1179]). When podocytes are damaged, chronic kidney disease (CKD) and end-stage renal disease (ESRD) occur. The terminally differentiated podocytes (also known as glomerular visceral epithelial cells) are a group of highly specialized cells, which are derived from mesenchymal cells and possess a limited capacity to proliferate ([@b2-ijmm-38-04-1179]). Podocytes have been recognized as critical regulators of glomerular injury and podocyte injury is clinically characterized by proteinuria and podocyte loss, which are observed as the apoptosis of podocytes. As podocytes are terminally differentiated cells, their loss in association with their inability to be replaced or regenerated, ultimately results in glomerulosclerosis ([@b2-ijmm-38-04-1179],[@b3-ijmm-38-04-1179]). Diabetic glomerular diseases remain among the major causes of CKD and ESRD ([@b4-ijmm-38-04-1179]). With the increasing prevalence of diabetes, DN and podocyte protection has drawn increasing attention. Despite extensive research into understanding and treating DN, investigating the application of herbal medicine in the treatment of DN as well as the underlying mechanisms, remains a challenging task.

Notoginsenoside R1 (NR1) is the major component of Fufang Xiancao Keli (a Chinese herbal medicine compound), which has been used clinically for the treatment of DN for centuries in China ([@b6-ijmm-38-04-1179]). Previous studies have demonstrated that NR1, a major component of *Panax notoginseng*, attenuated renal ischemia-reperfusion injury in rats ([@b5-ijmm-38-04-1179]). A study on the application of NR1 in a rat model of DN indicated that NR1 ameliorated the glucose-induced impairment of podocyte adhesive capacity and subsequent podocyte depopulation, partly through the upregulation of α3β1 integrin ([@b6-ijmm-38-04-1179]). Gui *et al* showed that in rats with streptozotocin (STZ)-induced diabetes, treatment with NR1 for 12 weeks partially restored the number of podocytes per glomerular volume and glomerular α3β1 integrin expression ([@b6-ijmm-38-04-1179]). However, further exploration of the mechanism responsible for NR1-induced podocyte protection is urgently needed.

To maintain podocyte integrity, nephrin, podocin and desmin have been demonstrated to play a pivotal role ([@b7-ijmm-38-04-1179]--[@b9-ijmm-38-04-1179]), and their expression levels were further analyzed in this study. Mounting evidence has suggested that there is a decrease in podocyte number in diabetic glomerular disease ([@b10-ijmm-38-04-1179]--[@b13-ijmm-38-04-1179]). Accompanying the decreased podocyte number, the consequences include proteinuria and glomerulosclerosis. Particularly in DN, studies have shown that proteinuria increased as the podocyte number decreased ([@b12-ijmm-38-04-1179],[@b14-ijmm-38-04-1179]). Thus, in the present study we aimed to examine the protective effects of NR1 in podocytes, initially through the measurement of proteinuria. In addition, emerging experimental and clinical literature suggests that apoptosis is a major cause of reduced podocyte numbers, which ultimately leads to proteinuria. Using terminal deoxynucleotidyl transferase-mediated deoxyuridin triphosphate nick end labeling (TUNEL) staining and quantifying the number of apoptotic cells per field, the protection effects of NR1 in podocytes were further assessed. As demonstrated by Schiffer *et al*, who were among the first to provide evidence for the increased apoptosis of podocytes in experiments performed in transgenic mice with elevated levels of tumor growth factor-β1 (TGF-β1) ([@b15-ijmm-38-04-1179]), the serum levels of TGF-β1 and tumor necrosis factor-α (TNF-α) were analyzed. In addition, an increasing body of experimental and clinical literature shows that the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway is widely expressed in eukaryotes and plays essential roles in growth, differentiation, proliferation and survival ([@b16-ijmm-38-04-1179]). Furthermore, a study of puromycin aminonucleoside (PAN)-induced podocyte injury revealed that the tyrosine phosphorylation of nephrin and the nephrin-p85 interaction were reduced, which is indicative of decreased Akt activity in podocytes ([@b17-ijmm-38-04-1179]). Another study investigating the correlation between the PI3K/Akt signaling pathway and podocyte numbers showed that dexamethasone inhibited podocyte apoptosis by stabilizing the PI3K/Akt signaling pathway *in vitro* ([@b18-ijmm-38-04-1179]). Thus, in the present study, we aimed to further examine our hypothesis that NR1 ameliorates podocyte injury in rats with STZ-induced DN by inhibiting the apoptosis of podocytes through the PI3K/Akt signaling pathway.

Materials and methods
=====================

Chemicals
---------

NR1 (chemical structure C~47~H~80~O~18~; molecular weight, 933 Da) was purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA), and the purity of NR1 was \>98%. All other chemicals and reagents were also purchased from Sigma-Aldrich Chemicals. Podocin (\#SC-21009), nephrin (\#SC-19000), desmin (\#SC-14026), NF-κB (\#sc-109) and β-actin (\#sc-47778) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Phosphorylated (p-)PI3K-p85(Y458) (\#4228), PI3K-p85 (\#4257), p-Akt (S473) (\#4060), Akt (\#4685) and p-NF-κB p65 (\#3033) were purchased from Cell Signaling Technologies (Danvers, MA, USA). Goat anti-rabbit secondary antibody conjugated with HRP (\#11-035-003) and goat anti-mouse antibody conjugated with HRP (\#211-035-109) were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).

Experimental design and animal groups
-------------------------------------

Six-week-old, healthy male Sprague-Dawley (SD) rats (200--220 g) were obtained from and kept at the Animal Center of Sichuan Provincial People\'s Hospital (Chengdu, China). The rats were randomly divided into the following five groups (n=10): i) normal control (NC) group of rats which received 0.1 mol/l citrate buffer solution (control solution); ii) DN group of rats which received an intraperitoneal (i.p.) injection of STZ (Sigma-Aldrich Chemicals), dissolved in 0.1 mol/l citrate buffer (pH 4.5), at a dosage of 65 mg/kg; iii) rats with DN treated with a low dose of NR1 \[5 mg/kg·day ([@b6-ijmm-38-04-1179]); DN + NR1 (low) group\]; iv) DN rats treated with a medium dose of NR1 \[10 mg/kg·day ([@b6-ijmm-38-04-1179]); DN + NR1 (medium) group\]; and v) DN rats treated with a high dose of NR1 \[20 mg/kg·day ([@b5-ijmm-38-04-1179]); DN + NR1 (high) dose group\]. NR1 was administered orally.

For the DN group of rats, 3 days after the injection of STZ, their fasting blood glucose levels were measured using a One Touch Ultra Blood Glucose meter (LifeScan Inc., Milpitas, CA, USA). Animals with fasting blood glucose levels \>16.7 mmol/l were considered to be diabetic rats, and were used in the present study. NR1 was administered after the induction of diabetes, and the control group (DN group) was given an equivalent volume of vehicle. Every 4 weeks, fasting blood glucose levels and body weight were measured, and 24 h urine samples were also collected in metabolic cages, starting at 3 days after STZ injection. All animals were euthanized by CO~2~ inhalation at 16 weeks after the initiation of NR1 or vehicle treatment. At the end of the experiment and prior to sacrifice, blood samples were obtained from the inferior vena cava, and the kidneys were harvested immediately. Animal handling was performed in accordance with the Ethics Committee of Sichuan Provincial People\'s Hospital, and all animals were kept under a 12 h light/dark cycle with free access to water and food.

Assessment of renal function
----------------------------

To assess renal function, blood urea nitrogen (BUN) and serum creatinine levels were determined using an automatic biochemistry analyzer (Hitachi, Tokyo, Japan). Urinary albumin concentrations were measured using an enzyme-linked immunosorbent assay (ELISA) kit (Runyu Biotechnology Co., Shanghai, China), according to the manufacturer\'s instructions.

Histological analysis
---------------------

The renal samples were fixed in 10% formalin for 24 h at room temperature, and histological slides were prepared according to the standardized protocol in our laboratory ([@b19-ijmm-38-04-1179]). The sections were then stained with periodic acid-Schiff (PAS) and Trichrome reagent (Masson kit) (both from Sigma-Aldrich Chemicals), and examined under a microscope (Nikon 80i microscope; Nikon, Tokyo, Japan) in a blinded manner. The extent of renal injury was estimated by the morphometric assessment of the degree of mesangial matrix expansion and of glomerular enlargement. A point-counting method was used to quantify mesangial matrix deposition, and 20 randomly selected non-overlapping PAS-stained glomeruli from each rat were analyzed ([@b20-ijmm-38-04-1179]).

Evaluation of apoptosis by the TUNEL assay
------------------------------------------

Paraffin-embedded kidney tissues were cut into 4 *µ*m thick sections. A TUNEL assay was performed to assess DNA fragmentation. The assay was performed according to the manufacturer\'s instructions (Promega, Madison, Wl, USA) as previously described ([@b21-ijmm-38-04-1179]). The total cell population and the number of TUNEL-positive cells were manually counted, and double checked using Image Pro Plus 6.3 software (Media Cybernetics, Silver Spring, MD, USA).

Measurement of cytokines
------------------------

For measuring pro-inflammatory mediators \[TNF-α, TGF-β1, interleukin (IL)-1 and IL-6\] and an anti-inflammatory mediator (IL-10) in the serum, blood samples were collected at the beginning and end of NR1 treatment. The serum cytokines were assayed using specific ELISA kits for rats according to the manufacturer\'s instructions (R&D Systems, Minneapolis, MN, USA).

Western blot analysis
---------------------

The proteins were lysed in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 1% NP-40, and protease inhibitor cocktail ([@b22-ijmm-38-04-1179]). The protein lysates were centrifuged at 13,400 × g for 10 min. Supernatants were collected and loaded on a NuPage Novex 10% Bis-Tris gel (Life Technologies, Carlsbad, CA, USA) for electrophoresis. Following electrophoresis, the proteins were transferred onto polyvinylidene fluoride membranes (Pall Corporation, Port Washington, NY, USA) in NuPage transfer buffer (Life Technologies). The membranes were blocked with 5% bovine serum albumin in TBST for 1 h. The blots were incubated overnight at 4°C with primary antibodies at the dilutions recommended by the manufacturer, followed by incubation with a horseradish peroxidase (HRP)-conjugated secondary antibody. Chemiluminescence detection was performed using Immobilon Western Chemiluminescent HRP substrate (Millipore, Billerica, MA, USA), and measured directly by a BioSpectrum Imaging System (UVP, Upland, CA, USA). Equal protein loading was confirmed by immunostaining against β-actin. The signal intensity was analyzed by ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA) and normalized to β-actin.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total RNA was extracted from samples of isolated rat glomeruli using TRIzol reagent (Life Technologies). Reverse transcription was performed using a high capacity cDNA reverse transcription kit according to the manufacturer\'s instructions (Life Technologies). Two-step RT-qPCR analysis of the expression of nephrin, podocin and desmin was performed using Applied Biosystems Power SYBR^®^-Green PCR master mix (Life Technologies) with 40 cycles of 45 sec at 95°C and 1.5 min at 55°C on an Applied Biosystems 7900 Real-Time PCR system using primers as described previously ([@b23-ijmm-38-04-1179]--[@b25-ijmm-38-04-1179]). Fluorescence data were collected at 55°C after each cycle. After the final cycle, melting curve analysis of all samples was conducted within the range of 55--95°C. Relative quantification of gene expression was performed using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. The threshold cycle and 2^−ΔΔCt^ method were used for calculating the relative amount of the target RNA ([@b26-ijmm-38-04-1179]). RT-qPCR always included a no-template sample as a negative control. The experiments were repeated twice, and each sample was tested in triplicate.

Statistical analysis
--------------------

The statistical analyses were performed using GraphPad Prism (version 5.0 for windows) statistical software package (GraphPad Software, San Diego, CA, USA). All results are expressed as the means ± standard error of mean (SEM) for each group. One-way analysis of variance (ANOVA) and the Mann-Whitney U test were used to determine the level of significance among the groups, and P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

NR1 treatment reduces proteinuria in rats with DN
-------------------------------------------------

To assess the renal protective effect of NR1, fasting blood glucose levels and body weights were measured every 4 weeks starting from 3 days after STZ injection. As shown in [Table I](#tI-ijmm-38-04-1179){ref-type="table"}, the rats in the DN group demonstrated elevated blood glucose levels, which were significantly higher than those of the non-diabetic rats (P\<0.05). During the study period, a low dose of NR1 did not induce a decrease in blood glucose levels (P\>0.05), whereas with the elevated dosage of NR1, the blood glucose levels were significantly lower than those of the DN group (P\<0.05), particularly from 12 weeks onwards. Moreover, the body weight of the NR1-treated (medium dose and high dose) rats increased steadily, compared with those of the rats in the DN group (P\<0.05) ([Table II](#tII-ijmm-38-04-1179){ref-type="table"}). Furthermore, general parameters, namely BUN, serum creatinine, the kidney-to-body weight ratio and proteinuria were measured. With the progression of DN, proteinuria was increased in the diabetic rats (P\<0.05) ([Fig. 1A](#f1-ijmm-38-04-1179){ref-type="fig"}). As expected, the low dose NR1-treated rats did not show significantly decreased proteinuria levels (P\>0.05), and neither did the medium dose NR1-treated rats. However, the proteinuria levels of rats treated with a high dose of NR1 were significantly lower than those of the rats in the DN group. Further evidence of NR1-induced podocyte protection was obtained from the BUN concentrations ([Fig. 1B](#f1-ijmm-38-04-1179){ref-type="fig"}) and serum creatinine levels ([Fig. 1C](#f1-ijmm-38-04-1179){ref-type="fig"}). As expected, the kidney-to-body weight ratios increased approximately 2-fold in the rats of the DN group compared with those of the non-diabetic controls, whereas in those treated with NR1, those ratios were decreased significantly ([Fig. 1D](#f1-ijmm-38-04-1179){ref-type="fig"}) (P\<0.05 for the medium and the high dose NR1-treated groups vs. the DN group). The above data suggest that NR1 treatment significantly reduced proteinuria and protected podocytes in the rats with experimentally-induced diabetes.

NR1 treatment ameliorates the diabetes-induced histological alterations in rat kidneys
--------------------------------------------------------------------------------------

To further analyze the efficacy of NR1 in controlling DN in STZ-exposed rats, the histological changes in each group of rats were observed under a light microscope. As shown in [Fig. 2A](#f2-ijmm-38-04-1179){ref-type="fig"} \[upper panels, Masson staining; lower panels, PAS staining\] as well as [Fig. 2B and C](#f2-ijmm-38-04-1179){ref-type="fig"}, compared with the non-diabetic control group, the glomerular surface area increased 2-fold and the glomerular mesangial matrix expanded significantly in the DN group (P\<0.05, DN group vs. NC group). The quantitative histological analysis revealed that with the increased dosage of NR1, the percentage of the glomerular surface area decreased significantly ([Fig. 2B](#f2-ijmm-38-04-1179){ref-type="fig"}) (P\<0.05, high dose NR1-treated group vs. DN group). Moreover, the expansion of the glomerular mesangial matrix in the NR1-treated groups (medium dose and high dose) decreased as well ([Fig. 2C](#f2-ijmm-38-04-1179){ref-type="fig"}) (P\<0.05, medium and high dose NR1-treated groups vs. DN group). The above-mentioned histological evaluation confirmed that NR1 treatment ameliorates the structural changes in the diabetic kidney.

NR1 induces changes in the expression levels of nephrin, podocin and desmin in the kidneys of rats with DN
----------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that nephrin and podocin are important slit diaphragm proteins in podocytes, therefore they are of vital importance in the maintenance of podocyte integrity ([@b27-ijmm-38-04-1179]). In the present study, in order to elucidate the mechanism responsible for the NR1-mediated improvement in the glomerular barrier function of rats with DN, we quantified the expression levels of nephrin and podocin using western blot analysis and RT-qPCR. Western blot analysis revealed a reduction in the expression of nephrin and podocin proteins in the rats with DN, whereas with the administration of increasing doses of NR1, the protein levels of nephrin and podocin were markedly restored ([Fig. 3A](#f3-ijmm-38-04-1179){ref-type="fig"}). In addition, the mRNA levels of nephrin and podocin were in agreement with the protein expression levels, indicating that both nephrin and podocin were involved in NR1-medicated podocyte protection ([Fig. 3B and C](#f3-ijmm-38-04-1179){ref-type="fig"}). Moreover, in order to elucidate the possibility that the protective effect of NR1 occurred through the maintenance of podocyte integrity, we examined the expression levels of desmin, a marker of podocyte injury. Judging from [Fig. 3A and D](#f3-ijmm-38-04-1179){ref-type="fig"}, the expression level of desmin was hardly observed in the podocytes of non-diabetic rats; however, it increased by almost four times compared with that in the normal control (P\<0.05) ([Fig. 3D](#f3-ijmm-38-04-1179){ref-type="fig"}). As expected, NR1 treatment markedly decreased desmin expression levels, as shown by the results of western blot analysis ([Fig. 3A](#f3-ijmm-38-04-1179){ref-type="fig"}) and RT-qPCR ([Fig. 3D](#f3-ijmm-38-04-1179){ref-type="fig"}). These results indicated that NR1 protected against podocyte injury by increasing the expression of nephrin and podocin, and by decreasing the expression of desmin in rats with DN.

NR1 treatment inhibits the inflammatory response in rats with DN
----------------------------------------------------------------

In order to evaluate the possible involvement of NR1 in the regulation of inflammatory cytokines in DN rats, we further analyzed the secretion of inflammatory cytokines (TNF-α, TGF-β1, IL-1 and IL-6) and an anti-inflammatory cytokine (IL-10) in the serum. As shown in [Fig. 4](#f4-ijmm-38-04-1179){ref-type="fig"}, the secretion of TNF-α ([Fig. 4A](#f4-ijmm-38-04-1179){ref-type="fig"}), TGF-β1 ([Fig. 4B](#f4-ijmm-38-04-1179){ref-type="fig"}), IL-1 ([Fig. 4C](#f4-ijmm-38-04-1179){ref-type="fig"}) and IL-6 ([Fig. 4D](#f4-ijmm-38-04-1179){ref-type="fig"}) was increased in the serum of rats in the DN group, compared with the NC groups, and the secretion of IL-10 ([Fig. 4E](#f4-ijmm-38-04-1179){ref-type="fig"}) was decreased in the serum of rats with DN compared with the non-diabetic rats. However, following treatment with NR1, the levels of the inflammatory cytokines were significantly suppressed by NR1, whereas IL-10 levels were elevated. Taken together, our data indicated that NR1 treatment significantly suppressed the secretion of inflammatory cytokines and increased the secretion of an anti-inflammatory cytokine in rats with DN.

NR1 treatment ameliorates the diabetes-induced apoptosis of podocytes
---------------------------------------------------------------------

To determine whether the protective effect of NR1 in podocytes was due to the amelioration of apoptosis, we performed TUNEL staining in the kidneys of the experimental rats. As shown in [Fig. 5A](#f5-ijmm-38-04-1179){ref-type="fig"}, no positive signals were present in the glomeruli of the normal control rats and the high dose NR1-treated rats ([Fig. 5A](#f5-ijmm-38-04-1179){ref-type="fig"}). In addition, there were significantly reduced numbers of TUNEL-positive cells in the kidneys of low and medium dose NR1-treated rats. The percentages of TUNEL-positive cells indicated that NR1 treatment decreased the diabetes-associated apoptosis of renal cells as compared with the diabetic control ([Fig. 5B](#f5-ijmm-38-04-1179){ref-type="fig"}). Thus, these results suggest that NR1 treatment contributed to the podocyte protection by inhibiting the apoptosis of podocytes under our experimental conditions.

NR1 treatment induces activation of the PI3K/Akt signaling pathway in rats with DN
----------------------------------------------------------------------------------

In order to explore the mechanisms responsible for the NR1-mediated inhibition of apoptosis and the suppressed inflammatory response in rats with DN, we examined whether the PI3K/Akt signaling pathway is suppressed in the podocytes of STZ-exposed rats and whether NR1 is capable of reversing these changes. Western blot analysis of p-PI3K-p85 (Tyr458), total PI3K-p85, p-Akt (Ser473) and total Akt was performed, and it indicated that the phosphorylation of both PI3K-p85 and Akt was attenuated in the DN groups, compared with that of the NC control group ([Fig. 6A](#f6-ijmm-38-04-1179){ref-type="fig"}). Further quantification of the grey scale of each blot was performed and the ratio of p-p85 vs. total PI3K-p85 protein was calculated. As shown in [Fig. 6B](#f6-ijmm-38-04-1179){ref-type="fig"}, NR1 gradually increased the phosphorylation of p85, in a dose-dependent manner. Furthermore, the enhanced phosphorylation of Akt was found in the NR1-treated rats with DN (P\<0.05, compared with DN group), whereas the expression level of p-Akt in the rats with DN was significantly suppressed (P\<0.05, compared with NC group) ([Fig. 6C](#f6-ijmm-38-04-1179){ref-type="fig"}). The phosphorylation data of both p85 and Akt demonstrated that the PI3K/Akt signaling pathway was suppressed in the rats with DN, whereas NR1 protected podocytes and improved proteinuria by activating the PI3K/Akt signaling pathway.

NR1 treatment inhibits nuclear factor-κB (NF-κB) p65 phosphorylation in rats with DN
------------------------------------------------------------------------------------

Mounting evidence suggests that diabetes activates NF-κB signaling, which regulates the expression of several genes involved in the inflammatory response ([@b28-ijmm-38-04-1179]). Thus, to further evaluate the mechanism of NR1-induced podocyte protection, western blot analysis was employed to assess NF-κB activation by evaluating the expression of total p65 and the extent of p65 activation. In the kidneys of rats with STZ-induced diabetes, increased phosphorylation of p65 was observed, compared with the non-diabetic rats ([Fig. 6A](#f6-ijmm-38-04-1179){ref-type="fig"}). However, following treatment with NR1, p65 phosphorylation was significantly decreased ([Fig. 6D](#f6-ijmm-38-04-1179){ref-type="fig"}), indicating the inactivation of NF-κB. Taken together, these findings suggest that NR1 induced podocyte protection, apoptosis inhibition, and inflammation suppression by activating the PI3K/Akt signaling pathway and downregulating NF-κB.

Discussion
==========

According to epidemiologic observations, the prevalence of diabetes has increased significantly in recent decades all over the world ([@b29-ijmm-38-04-1179]). Of all diabetic complications, DN has drawn special focus, as the incidence of end-stage renal failure in diabetic patients has markedly increased in recent years ([@b30-ijmm-38-04-1179]). The high prevalence of the disease calls for intense research into ways of protecting podocytes, which have been recognized as critical regulators of glomerular injury ([@b14-ijmm-38-04-1179]). As the available treatment options for glomerular injury are limited to alkylating agents, steroids, angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, exploring herbal medicine has attracted particular attention ([@b31-ijmm-38-04-1179]). A study by Gui *et al* ([@b6-ijmm-38-04-1179]) demonstrated that NR1 was involved in the upregulation of α3β1 integrin expression and the inhibition of oxidative stress; however, the mechanism responsible for NR1-induced podocyte protection remains to be elucidated. In the present study, NR1 treatment significantly decreased proteinuria, plasma and urinary biomarkers of renal function as well as blood glucose levels. The plasma and urinary biochemical results indicate that NR1 ameliorates the diabetes-associated compromised renal function. Furthermore, histological evaluation of the rat kidneys confirmed that NR1 significantly ameliorated diabetes-induced structural damage in a dose-dependent manner. More importantly, this is the first study, to the best of our knowledge, to delineate the protective role of NR1 against podocyte injury by activating the PI3K/Akt signaling pathway in rats with DN.

Considerable evidence indicates that nephrin is a podocyte protein crucial for the inter-podocyte slit membrane structure and the maintenance of an intact filtration barrier ([@b32-ijmm-38-04-1179]). It has been demonstrated that the modulation of nephrin expression contributes to the loss of glomerular filtration function, and is associated with the extent of proteinuria in DN ([@b33-ijmm-38-04-1179]). Similarly, the injection of anti-nephrin antibody in animals induced substructural alterations of the slit diaphragm with reductions in permselectivity and consequently proteinuria ([@b34-ijmm-38-04-1179]). In addition, the inactivation of the nephrin gene in mice by homologous recombination resulted in severe proteinuria, and partial foot process effacement ([@b35-ijmm-38-04-1179]). Thus, therapies targeted at correcting podocyte nephrin may be of value in the management of diabetes ([@b36-ijmm-38-04-1179]). It was reported that podocin is a member of the stomatin family, and it consists of hairpin-like integral membrane proteins. Further studies have demonstrated that podocin is expressed in glomerular podocytes, and serves in the structural organization of the slit diaphragm and the regulation of its filtration function ([@b37-ijmm-38-04-1179],[@b38-ijmm-38-04-1179]). Thus, podocin serves as a scaffolding molecule to localize nephrin, and the disruption of slit diaphragm proteins such as nephrin and podocin plays a significant role in the development and progression of DN. In the present study, we observed that in rats with STZ-induced DN, the expression of nephrin and podocin was decreased significantly, which was indicative of the disruption of the slit diaphragm proteins. However, when the rats with DN were treated with NR1, the major component of *P. notoginseng*, the expression of both nephrin and podocin was enhanced, which indicated that NR1 induced podocyte protection by regulating the expression of nephrin and podocin. In addition to nephrin and podocin, desmin, an intermediate filament protein, is also regulated in response to podocyte injury. Zou *et al* showed that the upregulation of desmin may increase the mechanical stability of cells, thus enabling podocytes to undergo morphological changes on the tensile glomerular capillary wall ([@b39-ijmm-38-04-1179]). Our results indicated that the expression level of desmin increased significantly in the rats with DN, and NR1 treatment markedly decreased desmin expression. These results suggest that NR1 protects podocytes from injury, by affecting the expression of slit diaphragm proteins in the rats with DN.

Mounting evidence, ranging from *in vitro* experiments to pathological examinations, have highlighted that inflammation plays a significant role in the development of DN ([@b40-ijmm-38-04-1179],[@b41-ijmm-38-04-1179]). Thus, the inhibition of inflammatory processes is one of the cardinal mechanisms of NR1-induced podocyte protection in DN. It has been reported that the renal expression of IL-1 is increased in animal models of DN ([@b42-ijmm-38-04-1179]). Moreover, researchers have demonstrated the strong association between mesangial expansion and the mRNA expression of IL-6 in podocytes, indicating that IL-6 affects the extracellular matrix dynamics of podocytes ([@b43-ijmm-38-04-1179]). A clinical study of IL-6 serum levels demonstrated that IL-6 secretion was substantially higher in patients with DN ([@b44-ijmm-38-04-1179]). Thus, the expression of IL-1 and IL-6 was elevated in these models of DN, which is in accordance with our results. Additionally, our results demonstrated that the rats with DN receiving NR1 therapy showed decreased serum levels of these two cytokines, indicating that NR1 exerts anti-inflammatory effects. TNF-α is a cytokine with prominent inflammatory effects, and it is thought to play a pivotal role in the pathogenesis of DN. It has been reported that TNF-α levels are implicated in the development of renal hypertrophy and hyperfunction during the initial stage of DN ([@b45-ijmm-38-04-1179]). Accumulating clinical studies have revealed that the serum and urinary concentrations of TNF-α in patients with DN are substantially higher than in non-diabetic individuals ([@b46-ijmm-38-04-1179]). As expected, in the present study, NR1-treated rats with DN exhibited decreased serum TNF-α levels compared with the rats with DN treated with vehicle. Moreover, it has been reported that accumulated TGF-β1 appears to play a pivotal role in the process of DN ([@b47-ijmm-38-04-1179]); apoptosis is increased in TGF-β transgenic mice, which leads to a decrease in podocyte number and glomerulosclerosis. Follow-up studies showed that TGF-β1-induced apoptosis of podocytes was mediated by specific Smad pathways ([@b15-ijmm-38-04-1179],[@b48-ijmm-38-04-1179]). Thus, evaluating TGF-β1 secretion levels in the rats with DN and the NR1-treated rats with DN is of vital importance. In this study, TGF-β1 secretion levels were enhanced significantly in the rats with DN, compared with those of the normal control rats, and with the increased dosage of NR1, the secretion levels of TGF-β1 decreased significantly. On the other hand, IL-10 has been reported to block inflammation and improves renal function in a model of chronic renal disease ([@b49-ijmm-38-04-1179]). We observed elevated serum IL-10 secretion in the NR1-treated rats with DN. Taken together, the findings of the present study suggest that NR1 exerted protective effects in the podocytes of rats with DN by regulating the secretion of inflammatory cytokines as well as an anti-inflammatory cytokine.

More importantly, the results suggest that NR1 exerts protective effects in DN by inhibiting apoptosis, activating the PI3K/Akt signaling pathway, and downregulating NF-κB expression. Many lines of evidence have shown that hyperglycemia directly induces apoptosis in cultured podocytes, thereby providing an additional possible explanation for the reduced podocyte numbers in DN ([@b50-ijmm-38-04-1179]). It has also been reported that a decrease in the podocyte number significantly correlated with reduced renal function and global glomerulosclerosis in diabetic patients ([@b12-ijmm-38-04-1179],[@b14-ijmm-38-04-1179]). Thus, our observation regarding the apoptosis of podocytes in the rats with DN was consistent with these previous findings. Furthermore, NR1 treatment decreased apoptosis and restored the podocyte number as revealed by TUNEL staining and quantitative analysis of TUNEL-positive cell numbers, which indicated that NR1 treatment contributed to the maintenance of the podocyte number. To further explore the mechanism responsible for NR1-induced inhibition of apoptosis, the PI3K/Akt signaling pathway and the activation of NF-κB was explored. Previous findings have demonstrated that PI3K was involved in nephrin-mediated actin reorganization in podocytes, and that disturbing nephrin-PI3K interactions may contribute to abnormal podocyte morphology and proteinuria ([@b17-ijmm-38-04-1179]). In this study, we observed the decreased expression of nephrin in the rats with DN, and NR1 treatment rescued those rats from DN by restoring the expression of nephrin. Furthermore, it has been reported that Akt kinase is activated by TGF-β in diabetic kidneys, and TGF-β may increase FoxO3a phosphorylation and transcriptional inactivation through PI3K/Akt, which also suggests the involvement of the PI3K/Akt signaling pathway in the progression of DN ([@b51-ijmm-38-04-1179],[@b52-ijmm-38-04-1179]). Huber *et al* revealed that nephrin and CD2AP interacted with the p85 regulatory subunit of PI3K *in vivo*, recruited PI3K to the plasma membrane, and, together with podocin, stimulated PI3K-dependent Akt signaling in podocytes ([@b53-ijmm-38-04-1179]). Thus, we hypothesized that the PI3K/Akt signaling pathway may be involved. In this study, we observed a significant decrease in the phosphorylation of PI3K (p85) and Akt in the rats with STZ-induced DN. However, this inactivation of the PI3K/Akt signaling pathway was abrogated by NR1 administration. To further prove our hypothesis, our next study aims to provide *in vitro* evidence of NR1-induced PI3K/Akt signaling pathway activation. As NF-κB regulates the expression of numerous genes that play key roles in the inflammatory response during human and experimental kidney injury ([@b54-ijmm-38-04-1179]), we postulated that the inactivation of NF-κB was also involved in NR1-induced podocyte protection. In the present study, NR1 treatment significantly decreased the diabetes-induced activation of NF-κB by the phosphorylation of NF-κB at serine 536, whereas the expression of total NF-κB was unchanged in the different groups. Collectively, these findings suggest that NR1 treatment protects against diabetes-associated renal damage through the suppression of apoptosis, the inactivation of NF-κB and the induction of PI3K/Akt activation.

In conclusion, to the best of our knowledge, this is the first study to examine the protective effects of NR1 treatment on podocytes which occur through the regulation of the PI3K/Akt and the NF-κB signaling pathway. The present study clearly demonstrated that NR1 ameliorates podocyte and renal injuries as well as apoptosis and inflammation by activating the PI3K/Akt signaling pathway and inactivating NF-κB. The present results provide new evidence for the further potential applications of NR1 in maintaining podocyte numbers and glomerular filtration barrier integrity as well as preventing proteinuria. However, further *in vitro* studies of the molecular mechanism responsible for the NR1-mediated protective effects on podocytes are warranted prior to conducting clinical investigations.
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![Assessment of the renal protective role of notoginsenoside R1 (NR1) using general parameters. (A) Time course study of proteinuria levels. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. diabetic nephropathy (DN) group at the same time point. ^\#^P\<0.05 vs. normal control (NC) group at the same time point. (B) Blood urea nitrogen (BUN) concentrations at week 16. (C) Serum creatinine levels at week 16. (D) Kidney-to-body weight ratio (KW/BW) at week 16. n=10 in each group, ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. DN group; ^\#^P\<0.01 vs. NC group. Data are the means ± SEM from at least 2 independent experiments.](IJMM-38-04-1179-g00){#f1-ijmm-38-04-1179}

![Notoginsenoside R1 (NR1) induces histological changes in rats with diabetic nephropathy (DN). (A) Representative images of Masson staining (upper panels) and periodic acid-Schiff (PAS) staining (lower panels) of kidney tissues from different groups (×400 magnification). (B) Glomerular surface area (percentage) of different groups. (C) Mesangial matrix index of different groups. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. DN group; ^\#^P\<0.01 vs. normal control (NC) group. n=10 in each group. Data are the means ± SEM from 3 independent experiments.](IJMM-38-04-1179-g01){#f2-ijmm-38-04-1179}

![Notoginsenoside R1 (NR1) restores the expression of slit diaphragm proteins. (A) Representative western blots of podocin, nephrin, desmin and β-actin proteins isolated from the kidneys from different groups. Protein bands are representative of \>3 independent experiments with similar results. (B--D) RT-qPCR of podocin, nephrin and desmin mRNA levels. (^\*^P\<0.05; NS, not significant). Data are the means ± SEM from 3 independent experiments. NC, normal control; DN, diabetic nephropathy.](IJMM-38-04-1179-g02){#f3-ijmm-38-04-1179}

![Notoginsenoside R1 (NR1) decreases the secretion of inflammatory cytokines and increases the secretion of an anti-inflammatory cytokine in rats with diabetic nephropathy (DN). Comparison of the serum levels of (A) tumor necrosis factor (TNF)-α, (B) tumor growth factor (TGF)-β1, (C) interleukin (IL)-1, (D) IL-6 and (E) IL-10 in different groups. Data are the means ± SEM from 3 independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. DN group; ^\#^P\<0.01 vs. normal control (NC) group.](IJMM-38-04-1179-g03){#f4-ijmm-38-04-1179}

![Notoginsenoside R1 (NR1) inhibits the apoptosis of podocytes. (A) Representative images of immunofluorescent staining of TUNEL (green)-labeled apoptotic cells from the different groups. White arrows point to the TUNEL-labeled cells. (B) Percentage of TUNEL-positive cells in the different groups. At least 20 randomly selected non-overlapping TUNEL-stained glomeruli from each rat were analyzed. n=8 for each group. The graph shows the means ± SEM from at least 2 independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. diabetic nephropathy (DN) group; ^\#^P\<0.01 vs. normal control (NC) group.](IJMM-38-04-1179-g04){#f5-ijmm-38-04-1179}

![Notoginsenoside R1 (NR1) inhibits the apoptosis of podocytes and the inflammatory response through the PI3K/Akt pathway. (A) Representative western blots of phosphorylated (p-)p85, PI3K, p-Akt, Akt, p-NF-κB p65, NF-κB p65 and β-actin proteins isolated from the rat kidneys of different groups. Protein bands shown are representative of \>3 independent experiments with similar results. (B and C) Percentage of phosphorylated protein with the corresponding control protein. All graphs show the means ± SEM from at least 2 independent experiments. ^\#^P\<0.05, ^\#\#^P\<0.01 and ^\#\#\#^P\<0.01 vs. normal control (NC) group. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. DN group. NS, not significant. (D) Percentage of p-NF-κB p65 with NF-κB p65. All graphs show the means ± SEM from at least 3 independent experiments. ^\*^P\<0.05 vs. DN group; ^\#^P\<0.01 vs. NC group. DN, diabetic nephropathy.](IJMM-38-04-1179-g05){#f6-ijmm-38-04-1179}

###### 

Effect of treatment on blood glucose levels in all experimental groups (mmol/l, means ± SEM).

  Group               0 week                                                      4 weeks                                                     8 weeks                                                     12 weeks                                                    16 weeks
  ------------------- ----------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------- ----------------------------------------------------------- -----------------------------------------------------------
  NC                    5.82±0.12                                                  5.56±0.26                                                   5.23±0.16                                                   5.44±0.09                                                   5.47±0.14
  DN                  25.13±2.22[a](#tfn2-ijmm-38-04-1179){ref-type="table-fn"}   26.48±1.57[a](#tfn2-ijmm-38-04-1179){ref-type="table-fn"}   27.11±3.28[a](#tfn2-ijmm-38-04-1179){ref-type="table-fn"}   28.54±2.14[a](#tfn2-ijmm-38-04-1179){ref-type="table-fn"}   26.42±2.64[a](#tfn2-ijmm-38-04-1179){ref-type="table-fn"}
  DN + NR1 (low)      24.98±1.35                                                  25.73±2.33                                                  26.75±2.50                                                  25.38±1.79                                                  25.10±2.34
  DN + NR1 (medium)   25.06±2.16                                                  24.96±1.89                                                  23.67±1.84                                                  21.43±2.17[b](#tfn3-ijmm-38-04-1179){ref-type="table-fn"}   18.62±1.59[c](#tfn4-ijmm-38-04-1179){ref-type="table-fn"}
  DN + NR1 (high)     24.92±1.05                                                  25.73±2.15                                                  21.58±1.49[b](#tfn3-ijmm-38-04-1179){ref-type="table-fn"}   16.35±3.26[c](#tfn4-ijmm-38-04-1179){ref-type="table-fn"}   13.75±3.64[c](#tfn4-ijmm-38-04-1179){ref-type="table-fn"}

n=10 in each group,

P\<0.01 vs. NC group at the same time point;

P\<0.05 and

P\<0.01 vs. DN group at the same time point. NC, normal control; DN, diabetic nephropathy; NR1, notoginsenoside R1.

###### 

Effect of treatment on body weight in all experimental groups (g, means ± SEM).

  Group               0 week   4 weeks                                                 8 weeks                                                 12 weeks                                                16 weeks
  ------------------- -------- ------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------- -------------------------------------------------------
  NC                  214±26   389±31                                                  459±26                                                  516±34                                                  547±48
  DN                  210±23   218±17[a](#tfn6-ijmm-38-04-1179){ref-type="table-fn"}   215±18[b](#tfn7-ijmm-38-04-1179){ref-type="table-fn"}   207±11[b](#tfn7-ijmm-38-04-1179){ref-type="table-fn"}   198±13[b](#tfn7-ijmm-38-04-1179){ref-type="table-fn"}
  DN + NR1 (low)      218±13   220±21                                                  218±15                                                  216±19                                                  219±25
  DN + NR1 (medium)   216±21   218±23                                                  225±19                                                  237±28[c](#tfn8-ijmm-38-04-1179){ref-type="table-fn"}   239±36[d](#tfn9-ijmm-38-04-1179){ref-type="table-fn"}
  DN + NR1 (high)     218±18   229±17                                                  239±15[c](#tfn8-ijmm-38-04-1179){ref-type="table-fn"}   245±15[d](#tfn9-ijmm-38-04-1179){ref-type="table-fn"}   258±19[d](#tfn9-ijmm-38-04-1179){ref-type="table-fn"}

n=10 in each group,

P\<0.05 and

P\<0.01 vs. NC group at the same time point;

P\<0.05 and

P\<0.01 vs. DN group at the same time point. NC, normal control; DN, diabetic nephropathy; NR1, notoginsenoside R1.
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